Background: Tissue adhesives may be useful for sealing bowel anastomoses by preventing anastomotic leakage. Prior to clinical implementation, an in-depth analysis of the clinical and immunohistopathological effects of tissue adhesives on the target tissue and of the mechanical strength of the adhesive bond in an in vivo model is needed. Materials and methods: In 84 rats, two bowel segments were glued using one of the following tissue adhesive: Bioglue, Gelatin-resorcinol-formaldehyde (GRF), Glubran 2, Histoacryl Flex, Omnex, Duraseal Xact, or Tissucol. Rats were followed for 7 or 28 days. Endpoints were clinical complication rate, mechanical strength, and immunohistopathological reactions. Results: Of the seven tissue adhesives, GRF and Bioglue showed the highest rates of bowel wall destruction and ileus and the most severe immunohistopathological tissue reactions at 7 and 28 days. Cyanoacrylates (Histoacryl Flex, Omnex, Glubran 2) showed high mechanical strength and mild immunohistopathological reactions at 7 and 28 days. Duraseal Xact and Tissucol were the most inert tissue adhesives, but exhibited low mechanical strength. At 28 days, mechanical strength was significantly correlated to CD8, CD68, and Ki67 cell counts. Conclusion: Based on the clinical and immunohistopathological outcomes, GRF and Bioglue were found to be the least suitable tissue adhesives for colonic use. Duraseal Xact and Tissucol were inert but also showed low mechanical strength. Cyanoacrylates exhibited mild clinical and immunohistopathological effects while maintaining high strength, which makes them promising as colonic sealants. This is the peer reviewed version of the following article: Clinical, mechanical, and immunohistopathological effects of tissue adhesives on the colon: An in-vivo study, which has been published in final form in the Journal of Biomedical Materials Research B, http://dx.
INTRODUCTION
In the field of gastrointestinal surgery, anastomotic leakage rates remain unacceptably high. This is especially true for the colorectal anastomosis, where leakage rates between 5% and 15% are still being reported, with subsequent mortality rates as high as 20% [1] [2] [3] [4] . The sealing of an anastomosis (i.e., the surgical connection of two bowel endings by staples or sutures) with a tissue adhesive (TA) has been a focus of surgical research during the past years [5] [6] [7] .
Present-day tissue adhesives (TAs) can be divided into four categories based on their chemical composition 8 . Cyanoacrylates (CA), the largest TA category, are known to form a rigid and watertight bond and have been recently proposed to be potential candidates for the sealing of bowel anastomoses 5, 9 . Fibrin glues (FGs) act as hemostats by enhancing the final stage of the clotting cascade and form a network of fibrin molecules with the adhesive substrate, and have been useful in the sealing of experimental colorectal anastomoses [10] [11] [12] [13] . Polyethylene glycol adhesives (PEGs) are flexible hydrogels, primarily used in neurosurgery for sealing the Dura mater 14, 15 . Albumin-based (AB) adhesives, including gelatin-resorcinol-formaldehyde (GRF) adhesives, form a strong and flexible adhesive bond with the tissue and are used for the sealing of vascular anastomoses and in aortic surgery [16] [17] [18] . A disadvantage of GRF adhesive is that it contains formaldehyde, which has been linked to toxic effects on tissue 6, 11, 19 .
In gastrointestinal surgery, FGs are used for staple line sealing after gastric bypass in bariatric surgery 20 . Furthermore, recent research reported promising results for the sealing of the esophageal and the pancreaticoduodenal anastomosis with various TAs, including FG, CA, and PEG adhesives [21] [22] [23] [24] [25] [26] . Despite extensive experimental research in the field of colorectal surgery, anastomotic sealing with TAs has not yet been implemented into regular clinical practice. As previously described in the literature, this may be (at least partially) attributed to a lack of methodological consensus between experimental studies, inhibiting the comparison of available experimental data 5, 27, 28 .
An in vitro study on the mechanical strength and the rheological properties of 12 clinically relevant TAs was recently performed by the authors 8 . The results showed that large differences exist between TAs in terms of mechanical strength, with CAs being the strongest TAs, followed by AB and PEG adhesives. FGs were mechanically the weakest among the tested TAs. Besides mechanical testing, evaluating the clinical and immunohistopathological effects of TAs on the target tissue is imperative prior to clinical implementation. Information on the immunohistopathological effects of TAs on bowel tissue remains scarce. In this study, a set of TAs from all four abovementioned adhesive categories were selected. Short-and long-term clinical effects, immunohistopathological effects, and the mechanical strength of the TA bond on colonic tissue were examined.
METHODS
This study was approved by the ethical committee on animal experimentation, under supervision of the Erasmus University Rotterdam (permit number 105-12-08). Eighty-four specified-pathogen-free male Wistar rats weighing 250-300 g were obtained from a licensed breeder (Charles River Laboratories, MA, USA). Rats were housed according to standard laboratory conditions, including individually ventilated cages with unrestricted access to standard rat chow and water. An acclimatization period of 1 week was observed. Rats were scored daily using a validated wellness score to assess the onset of peritonitis 29 .
Tissue adhesives
Seven TAs were evaluated, as listed in Table 1 . These TAs were chosen based on their mechanical and rheological profiles as derived from previous in vitro research from the authors, and had to be in use clinically 8 . In total, 12 rats were included per TA: 6 for short-term (7 days) and 6 for long-term (28 days) follow-up. Rat allocation was performed in a randomized manner by an independent researcher not otherwise involved in the experiment. Table 1 . Included tissue adhesives.
Surgical technique
Rats received analgesia (Rimadyl; 5 mg/kg subcutaneously) preoperatively and were anesthetized by isoflurane/oxygen inhalation. The abdomen was shaved and the skin was disinfected with ethanol 70%, after which the abdominal cavity was opened through a 3 cm midline incision. After identification of the cecum, a 1 cm antimesenteric segment of the proximal colon was mobilized and placed in direct contact with the serosal surface of the cecum and then fixed with two single serosal sutures (Dafilon 8-0, Ethicon, USA), one on each edge of the segment. In this manner, a 1 cm tension-free seroso-serosal bowel approximation, that is, the "proximal TA bond," was created, on which the TA was applied. The surgical model is illustrated in Figure 1 . Next, a distal segment of the ascending colon was mobilized and sutured to the descending colon in a tensionfree manner following the abovementioned protocol, creating a second seroso-serosal approximation: the "distal 
Clinical endpoints
At the end of the follow-up period, rats were anaesthetized, and the abdomen was opened using a U-shaped incision. The abdomen was macroscopically inspected for signs of bowel wall destruction, that is, the presence of abscess or fecal matter, ileus and adhesion formation. The tenacity of the adhesions was graded using the four-degree Zühlke classification, a universally accepted classification of adhesions based on surgical adhesiolysis (grade 0: no adhesions; grade 1: filmy adhesions, easily separated by blunt dissection; grade 2: stronger adhesions, separated by combination of blunt and sharp dissection; grade 3: strong adhesions, sharp dissection necessary; grade 4: very strong adhesions with organ attachment, sharp dissection with high risk of organ damage) 30 . 
Immunohistopathological analysis
After assessing the clinical endpoints and prior to euthanization by cardiac puncture, the proximal TA site was resected and used for immunohistopathological analysis. All samples were fixed overnight in 4% paraformaldehyde, dehydrated using a graded ethanol series and xylene and subsequently embedded in paraffin, after which 5-mm-thick tissue sections from the paraffin blocks were cut. Automated hematoxylin and eosin (H&E) staining of the slides was performed using the MICROM slide stainer HMS 70 (MICROM International GmbH). Representative slides from each rat were used for immunohistochemical staining for CD4, CD8, CD20, CD68, and Ki67. Table 2 summarizes antibodies, manufacturers, and dilutions. 
Scoring of Hematoxylin and eosin (H&E) and Ki-67
Upon staining, H&E slides were scored on inflammatory cell infiltration, fibroblast activity, neoangiogenesis, and collagen deposition using the Modified Phillips Scale 31 . In this scale, each of the histological parameters is scored from 0 to 4 as follows: 0 = no evidence; 1 = occasional evidence; 2= light scattering; 3 = abundant evidence; and 4 = confluent cells or fibers. Furthermore, a general descriptive histological analysis was made per TA. For Ki-67, a cellular marker of proliferation, per rat the image field (10X enlarged) containing the highest concentration of cells was chosen, in which 10 fields were randomly chosen for scoring. Tissue at the TA/tissue interface was scored based on the amount of stained cells as part of the total cell population as: 1 = <5%, 2 = 5-25%, or 3 = >25%. H&E and Ki-67 scoring was performed during a single session in which four of the authors, including an experienced pathologist, evaluated each slide and provided their scores independently while blinded to the type of adhesive used. In case of discrepancies in scoring, slides were re-examined and discussed until consensus was reached.
Counting of the cells involved in the inflammatory response
After staining, slides were scanned with a slide scanner (Hamamatsu, Hamamatsu City, Japan). The TA-tissue interface was located on the computer screen and was enlarged 10 times (screen size 1024 X 768 pixels), after which five fields were randomly chosen for cell counting. The average cell count of the five fields was calculated for CD4, CD8, CD20, and CD68 using Image J software (National Institutes of Health, Bethesda, MD, USA).
Mechanical strength testing
The distal TA site was resected and, the two approximation sutures were cut without disturbing the TA bond. A custom made 4-mm-wide U-shaped pin was inserted intraluminally into each colonic segment, and then fixed in a tensile strength tester (Testometric, Rochdale, UK, type AX M250-2.5 kN). Tests were performed with a 20 N load cell, at a testing speed of 10 mm/min. No preload was applied. Computer-based analysis software was used to record force data as a function of time and the maximum tensile force was extracted from these data. All mechanical tests were performed directly after resection.
Statistical analysis
A Shapiro-Wilk test for normal distribution was performed prior to statistical analysis. Tensile strength data were normally distributed and compared between TA groups using one-way ANOVA and post-hoc Bonferroni multiple comparisons testing. Immunohistological data were non normally distributed and were compared between TA groups using the Kruskal-Wallis one-way analysis-of-variance test, followed by post-hoc Dunn's multiple comparisons test. A p value of 0.05 or less was chosen to define statistical significance. All data analyses were performed using MATLAB (Version R2015a; The MathWorks, Inc, Natick, MA).
RESULTS

Clinical outcomes
A synopsis of clinical outcomes is provided in Table 3 . At 7 days, macroscopic signs of fecal peritonitis, subsequent to bowel wall destruction at the distal TA site, were seen in two of the 42 rats, both in the GRF group. Furthermore, two cases of mechanical ileus were identified, both in the Bioglue group. GRF showed the largest number of adhesions as compared to the other six TAs. Histoacryl Flex also showed a large number of adhesions, mostly at the distal TA site and between other visceral structures. GRF and Omnex yielded the highest maximum Zühlke scores (i.e., tenacity of adhesions) for visceral and distal adhesions (GRF) and for adhesions to the proximal glue site (Omnex) when compared to the other TAs.
At 28 days, GRF had the highest complication rate, including one mortality at day 6, bowel wall destruction in two rats, and mechanical ileus in four rats. One rat in the Bioglue group was also found to have bowel wall destruction. All TAs showed numerous adhesions except for Duraseal Xact, which did not lead to any adhesions. As in the short-term group, GRF yielded the highest amount of adhesions and Zühlke scores.
Mechanical strength
Results of the tensile strength tests are summarized in Table 3 . Shapiro-Wilk testing for normal distribution found that mechanical strength data was normally distributed (p = 0.07). One-way ANOVA testing showed significant differences in tensile strength between TAs at both 7 (F(6,33) = 11.5, p < 0.001) and 28 days (F(6,32) = 28.1, p < 0.001). At day 7, Histoacryl Flex was stronger than all other TAs (all p values < 0.003) except Bioglue (p = 0.855), whereas Tissucol exhibited the lowest tensile strength, significantly lower than Bioglue (p = 0.001) and Histoacryl Flex (p < 0.001).
At day 28, the strongest TA was GRF, which was statistically higher than all other TAs (p < 0.01), whereas the weakest TAs were Duraseal Xact and Tissucol, which both were significantly weaker than all other TAs (p < 0.01). There was no significant correlation between the tensile strength of the adhesives at day 7 and day 28. When excluding the tensile strength data of the sealant category, which were in an outlying lower range when compared to the other adhesives, a significant negative significant correlation between the tensile strength at day 7 and day 28 (r = 20.44, p = 0.023) was found. Table 3 . Synopsis of clinical outcomes.
*Number of affected rats. **Amount of adhesions. ***One rat in this group died perioperatively following anaesthesia-related complications.
Histological and Immunohistochemical analysis
A descriptive summary of the histological results of each TA is provided in Table 4 . An overview of the cell counts per immunological marker is provided in Figure 2 (a,b) (at 7 and 28 days, respectively). At day 7, Ki-67, a marker of cell proliferation, was highest in Tissucol and lowest in the CAs Histoacryl Flex and Omnex, though no significant differences between TAs were found between groups (F(6,33) = 11.1, p = 0.087). At 28 days, GRF showed the highest Ki-67 count and Tissucol, Duraseal Xact and Omnex the lowest. At 28 days, significant differences were found between the seven TAs (F(6,32) = 14.9, p = 0.021006); however, no significant differences remained after post-hoc testing.
Kruskal-Wallis one-way analysis of variance testing revealed significant differences for all the remaining histopathological analyses at day 7 and day 28 (p < 0.001 in all cases). Results of post-hoc analyses by Dunn's multiple comparisons test are shown below. For CD4, a marker of T-helper cells, Bioglue and Histoacryl Flex showed the highest cell counts when compared to Tissucol at day 7 (p = 0.004 and p = 0.037, respectively). CD4 reaction at day 28 was highest in Omnex, significantly higher than in Tissucol (p = 0.001). CD8, a marker of cytotoxic T-cells, was found to be the highest for GRF at day 7, significantly higher than Duraseal Xact (p = 0.004), Glubran 2 (p = 0.003), and Tissucol (p = 0.002). At 28 days, GRF maintained the highest CD8 count, significantly higher than Tissucol (p = 0.001). For CD20, a marker of B-cell response, Bioglue and GRF showed the highest cell counts, both significantly higher than Omnex at 7 days (p = 0.001 and p = 0.003, respectively) and 28 days (p = 0.01 and p = 0.004, respectively). At 28 days, Glubran 2 also showed high CD20 counts, significantly higher than Omnex (p = 0.023). Lastly, CD68 score, a marker of macrophage response, was found to be the highest in Bioglue at day 7, significantly higher than Duraseal Xact (p = 0.006) and Glubran 2 (p = 0.007). At 28 days, it was GRF that showed the highest CD68 count, significantly higher than Duraseal Xact (p = 0.015) and Tissucol (p < 0.001). Glubran 2 and Bioglue were, in turn, both significantly higher than Tissucol (p = 0.041 and p = 0.031, respectively). ( a ) ( b ) Figure 2 . Immunohistochemical analysis at (a) 7 and (b) 28 days.
Correlation analysis between tensile strength and immunohistochemistry
At 7 days, tensile strength correlated significantly only with CD4 (r = 0.50, N = 7, p = 0.001) and CD8 (r = 0.39, N = 7, p = 0.014) counts. At 28 days, tensile strength was significantly correlated to CD8 (r = 0.48, N = 7, p = 0.003), CD68 (r = 0.68, N = 7, p = 0.001), and Ki67 (Ranked transformed Spearman correlation; r = 0.50, N = 7, p = 0.001), indicating that high tensile strength was associated with a more severe response of CD4 and partly CD8 positive T-cells to the tissue adhesive. Correlation analysis between the short-term tensile strength and the long-term immunohistopathological outcomes of each tissue adhesive yielded no significant outcomes.
DISCUSSION
Sealing of colonic anastomoses with tissue adhesives (TAs) has been proposed as a promising new technique for preventing leakage of intraluminal contents through a (technically) insufficient anastomosis into the abdominal cavity. In this study, a comparative analysis of clinical, mechanical, and immunohistopathological endpoints of seven commercially available TA was performed, in a new experimental model that enables gluing two separate bowel segments per rat, while maintaining anatomical configuration and functionality during the follow-up period. By applying the TAs between two serosal surfaces without the presence of a bowel anastomosis, it was possible to observe the effects of the TA without confounding factors such as operative technique and anastomotic complications, thus providing a clear picture of the direct effects of the use of TA on the colon, information crucial to the understanding of the effectiveness and future clinical use of TAs in visceral surgery.
Clinical effects of TAs
Bioglue was associated with a higher rate of mechanical ileus (MI) compared to the other TAs, a finding which has previously been reported after use on mouse colonic anastomoses 32 . GRF use was associated with the only cases of bowel wall destruction and, subsequently, fecal peritonitis at day 7. Furthermore, at day 28, most complications were attributed to GRF use, which led to a higher incidence of mechanical ileus and bowel wall destruction than with the other TAs. These findings are in line with previous research on GRF, which reported toxicity after application of GRF on the bowel 32 . Of the seven TAs evaluated in this study, GRF showed the highest amount of adhesion formation. This finding may be explained by the severity of bowel wall destruction, mostly leading to fecal peritonitis and a subsequent strong inflammatory response, as seen in the immunohistochemical results. Histoacryl Flex showed more adhesion formation and higher tensile strength when compared to the other CAs at 7 days, while no differences remained at 28 days. This may indicate that the early adhesion formation seen in Histoacryl Flex depends on its strong adhesive bond to the surrounding tissue rather than collagen formation by the host, as was seen in the other TAs. The sealants Tissucol and Duraseal Xact showed the smallest amount of adhesions and the lowest complication rates at both 7 and 28 days, indicating safe use on the bowel surface. These findings are in line with previous research on the use of PEG adhesive 33 .
Tensile strength
At both 7 and 28 days, CAs generally showed high tensile strength with a small standard deviation. The tissue sealants Duraseal Xact and Tissucol exhibited the lowest mechanical strength in this study. Duraseal Xact was completely dissolved at 28 days in all rats, resulting in a tensile strength of nil. FG also showed low tensile strength in this study, a finding that contradicts previous research in which sealing of rat colonic anastomosis with FG yielded high anastomotic bursting pressure 12 , possibly due to the lack of a bowel defect and thus a TA bond directly on the serosal surface of the colon. In general, mechanical strength was higher at 28 days than at 7 days, indicating that the strength of a TA bond grows after initial application. GRF showed high tensile strength at 28 days, much higher than any other TA. This finding may be explained by extensive adhesion formation, as indicated by the high Zühlke scores that were observed with GRF. When comparing the in vivo results in this article to the in vitro results previously published by the authors 8 , it was found that in vitro mechanical strength was higher than the 7 days tensile strength measurements for all TAs and lower than the mechanical strength at 28 days. This finding infers that adhesive degradation may start sooner than expected after intracorporeal application.
Histopathology
Previous studies have primarily focused on the histopathology of FG and CA. Several authors reported promising effects of FG sealing of colonic rat anastomoses in which FG use led to only mild inflammatory reaction and no tissue toxicity 10, 12 . Regarding CA, early studies pointed out that long-chain CA formulations elicited an exothermic reaction leading to a severe inflammatory tissue response 34 . However, present-day shortchain CA formulations have become more inert, indicating safe use intracorporeally 35, 36 . Information on the histological effects of the other TA categories on colonic tissue is scarce. A study by Yol et al. reported a higher infiltration of inflammatory cells, collagen, and fibroblasts for Bioglue applied on a rat colonic anastomosis compared to the use of platelet-rich plasma, a hydrogel which is thought to promote tissue healing 37 .
In this study, Bioglue and GRF induced the most severe inflammatory reaction of all tested TAs. Of the CAs, Glubran 2 induced an extended inflammatory response with mild local muscle lysis as deep as the submucosal colonic layer. This finding was unexpected, as the chemical composition of Glubran 2 (n-butyl-2cyanoacrylate/methacryloxysulfolane) does not differ considerably from either Histoacryl Flex (nbutyl-2cyanoacrylate) or Omnex (n-octyl-cyanoacrylate/butyl lactoyl acrylate), which were both histologically inert. The mild toxic effects of Glubran 2 may possibly be attributed to methacryloxysulfolane, an additive in Glubran 2 that increases flexibility; this finding remains, however, unclear. Histoacryl Flex induced a limited local host reaction without tissue necrosis, with subsequent neoangiogenesis seen at day 28, indicating that this CA is relatively inert, without toxic effects on the bowel. The same can be stated for Omnex, which elicited a local and mild inflammatory response. The sealants, Duraseal Xact and Tissucol, were the most inert adhesives. Duraseal Xact caused a second inflammatory response after the initial degradation of the adhesive, which became apparent at day 28. This finding has not been observed in earlier research on PEG 38 . This indicates that byproducts created through degradation of this TA elicit a more intensive tissue reaction than the response to the initial adhesive layer. This effect was, however, not clinically relevant as can be seen from the clinical and pathological evaluation. Tissucol showed an inflammatory response that was different to the other adhesives, with the body's host reaction encapsulating parts of the adhesive and cleaning these up rapidly before day 28, at which time Tissucol was almost completely dissolved. Note that in Tissucol, aprotinin is added to increase degradation time, meaning that in other FGs without aprotinin, the adhesive layer may dissolve even faster, possibly resulting in lower tensile strength.
Immunohistochemistry
This is the first study on TAs that implements the use of immunohistochemistry to aid in the understanding of the clinical and histological effects of TAs. CD4, CD8, and CD20 counts were evaluated, which indicate presence of T-helper cells, T-cytotoxic lymphocytes, and B-cells in the inflammatory response infiltrate, respectively. These cells play an important role in the response of the adaptive immune system of the host, and, more importantly in this study, in the regulation of the inflammatory response, which, in turn, affects the degradation of the TA. CD68 stains the macrophages, which have the double role of regulating the intensity of the inflammatory response as well as contributing in the healing process with the formation of collagen, an important contributor to long-term tensile strength. Lastly, Ki-67 indicates the rate of cell proliferation, which in this study is most likely linked to the intensity of wound healing or ongoing inflammatory reaction. When taking all parameters into account, it was found that the most severe inflammatory reaction was seen with Bioglue and GRF. At day 7, Bioglue showed the highest scores for CD4, CD20, and CD68, indicating that this TA was associated with the most intense short-term inflammatory response. This may be due to a direct toxic effect on the bowel surface, or to the initial degradation of the adhesive into toxic by-products. The large amount of CD4positive T cells and CD68-positive macrophages indicate that there was a more intense inflammatory response directed to this TA. The macrophages can, in turn, stimulate collagen formation, aiding in the high tensile strength found in Bioglue.
Interestingly, the number of CD20-positive B-cells was also found to be high in both Bioglue and GRF at day 7. These B-cells possibly also play a regulatory role in the inflammatory response. Moreover, there may be a relationship between allergic reactions of the host and these TAs involving the adaptive immune system, but this remains outside the scope of this article. The cell proliferation marker Ki67 was found to be the highest in Tissucol at 7 days. Taken together with its inert tissue reaction, this may indicate that physiological tissue healing may take place early on in the presence of this TA. At 28 days, GRF showed an ongoing (chronic) inflammatory response. This is confirmed by a high amount of CD4, CD8, CD20, and CD68. Also KI67 was highest in this TA, and points toward high cell proliferation as the result of the chronic inflammatory response. Omnex induced an isolated CD4 response higher than the other adhesives, also higher than that of the other CAs, a finding that remains unclear.
Study limitations and implications for future research
This study evaluated the effect of TA on intact bowel, without the presence of a defect, as would be the case after the creation of a bowel anastomosis. This aspect should be examined in future research. Moreover, the combination of TA use in the presence of a stapled colon anastomosis remains an interesting aspect for future research.
CONCLUSION
In this study, the use of a new experimental rat model was implemented for the comparative analysis of clinical effects, mechanical strength, and inflammatory response of a clinically relevant set of surgical tissue adhesives. Clinical complications were found only for GRF and Bioglue at both short-and long-term endpoints. Tensile strength analysis showed that the CA Histoacryl Flex was the strongest TA at 7 days, while GRF was the strongest at 28 days. Histopathological evaluation was in line with the clinical findings, with Bioglue and GRF eliciting the most severe inflammatory response and inducing bowel wall necrosis. Glubran 2 showed mild local muscle lysis in some cases while the other CAs and sealants were inert. The immunohistochemical findings correlated with TA tensile strength at 28 days. From this study, it seems that an optimal TA should elicit a minimal to moderate immune response to initiate high tensile strength without presence of an ongoing inflammatory response and subsequent clinical complications. These parameters were found in the included CAs, in particular in Histoacryl Flex and Omnex.
